. Purpose: Prolonged sitting has emerged as a risk factor for early mortality, but the extent of benefit realized by replacing sitting time with exercise or activities of everyday living (i.e., nonexercise activities) is not known. Methods: We prospectively followed 154,614 older adults (59-82 yr) in the National Institutes of Health-AARP Diet and Health Study who reported no major chronic diseases at baseline and reported detailed information about sitting time, exercise, and nonexercise activities. Proportional hazard models were used to estimate adjusted hazard ratios and 95% confidence intervals (HR (95% confidence interval)) for mortality. An isotemporal modeling approach was used to estimate associations for replacing sitting time with specific types of physical activity, with separate models fit for less active and more active participants to account for nonlinear associations. Results: During 6.8 yr (SD, 1.0) of follow-up, 12,201 deaths occurred. Greater sitting time (Q12 vs G 5 hId j1 ) was associated with increased risk for all-cause and cardiovascular mortality. In less active adults (G2 hId j1 total activity), replacing 1 hId j1 of sitting with an equal amount of activity was associated with lower all-cause mortality for both exercise (HR, 0.58 (0.54-0.63)) and nonexercise activities (HR, 0.70 (0.66-0.74)), including household chores, lawn and garden work, and daily walking. Among more active participants (2+ hId j1 total activity), replacement of sitting time with purposeful exercise was associated with lower mortality (HR, 0.91 (0.88-0.94)) but not with nonexercise activity (HR, 1.00 (0.98-1.02)). Similar results were noted for cardiovascular mortality. Conclusions: Physical activity intervention strategies for older adults often focus on aerobic exercise, but our findings suggest that reducing sitting time and engaging in a variety of activities is also important, particularly for inactive adults.
I n modern societies that have largely engineered obligatory physical activity out of daily life (22, 27) , encouraging participation in moderate-to-vigorous aerobic exercise has been a key public health strategy for reducing the risk for noncommunicable diseases and early mortality (26) . However, recent studies have challenged the idea that a few hours per week of aerobic exercise alone is sufficient to fully mitigate mortality risks (16, 23, 25) associated with the many hours that adults spend in sedentary behavior (16) . In part, this may reflect that elevated health risks associated with excessive sitting arise from the displacement of daily routine activities by sitting behaviors (8, 16) . Activities typically displaced by prolonged sitting include daily activities like household chores (e.g., cooking, cleaning, shopping) and moderate-to-vigorous activities not typically classified as aerobic exercise (e.g., vacuuming, sweeping, mowing, gardening). We refer to such behaviors as nonexercise physical activities to distinguish them from exercise done for health and fitness (26) and from sedentary time. Implicit in the displacement hypothesis is that replacing sitting time with physically active behaviors will be associated with lower disease risk. However, few studies have estimated the mortality benefits associated with replacement of sitting time with an equal amount of time in either purposeful exercise or other nonexercise activities.
In this report, we extend our earlier finding that excessive sedentary time was associated with greater mortality (16) and, using more detailed measurements of physical activity and sitting time, we estimate the mortality benefits associated with replacement of sitting time with different types of physical activity. To do so, we are among the first to use a novel isotemporal modeling approach that facilitates investigation of the mortality trade-offs between spending time in either sedentary behavior or physical activity (2, 19) . Clarifying the types of physical activity that are healthful alternatives to sitting is critical for the development of evidenced-based recommendations for reducing sedentary time and increasing physical activity, and because results from randomized trials of sedentary time and mortality are unavailable, prospective observational studies provide essential insights.
METHODS
The National Institutes of Health-AARP Diet and Health Study was established in 1995-1996 when 566,398 AARP members (50-71 yr) in six states and two metropolitan areas responded to a questionnaire about their medical history, diet, and demographics (30) . A follow-up questionnaire asking detailed questions about active and sedentary behaviors, medical history, and risk factors was completed by 318,714 participants in [2004] [2005] [2006] . Those eligible for this analysis (N = 154,614) personally responded to both questionnaires, were free of major diseases at the start of follow-up (2004) (2005) (2006) , and had sufficiently complete exposure data (see Document, Supplemental Digital Content 1, Methods for development of the analytic study sample, http://links.lww.com/MSS/A494). Questionnaire completion was considered to imply informed consent. The U.S. National Cancer Institute's Special Studies institutional review board approved the study.
Assessment of Physical Activity and Sedentary Behaviors
The physical activity questionnaire asked how much time per week was spent in 16 activities during the past 12 months.
Activities were classified as exercise and sports (eight questions) and as nonexercise activity (eight questions), including household chores (five questions), lawn and garden (two questions), and daily walking activities (one question). Activity duration (hId j1 ) was calculated as the sum of all exercise, nonexercise, and all activities (i.e., overall physical activity). For descriptive purposes, an energy cost of each activity was assigned using standard methods and physical activity energy expenditure was calculated (METIhId j1 ). Three sitting questions were asked about the number of hours spent ''in a typical 24-h period during the past 12 months'' (see Document, Supplemental Digital Content 2, Assessment of physical activity and sedentary behaviors, and Figure footnotes, http://links.lww.com/MSS/A557 for details). The exercise items have been validated against physical activity diaries, r = 0.62 and 0.65 (3, 34) .
End Point Ascertainment and Covariate Assessment
Vital status was determined through linkage with the Social Security Administration Death Master File and the National Death Index. The primary end points for our analysis were mortality from all causes, cardiovascular disease, and cancer. A broad range of covariates were evaluated as potential confounders to the associations of interest (Table 1) .
Statistical Analysis
Our first objectives were to determine the marginal effects of hours of sedentary behavior, exercise, and nonexercise activity on overall mortality. We therefore modeled each effect in a separate Cox proportional hazard model and report estimated hazard ratios (HR) and 95% confidence intervals (CI). Follow-up time was calculated from the scan date of the follow-up questionnaire until death from any cause or the end of the follow-up (December 31, 2011). Tests for trend were performed by entering the median values of each category in the models. Spearman correlations were used to describe the relation between exposures. Covariates that changed the magnitude of the sedentary behavior associations by at least 10% were retained in covariate-adjusted models. Covariates in the fully adjusted models were adjusted for age (yr), education (G12 yr, high school graduate, some college, college graduate, unknown), smoking history (never, stopped 10+ yr, stopped 5-9 yr, stopped 1-4 yr, stopped G1 yr, current smoker, unknown), sleep duration (G4, 4-5.9, 6-7.9, 8-9.9, 10+ hId j1 , unknown), overall health (excellent, very good, good, fair, poor, unknown), body mass index (G25, 25-29.9, 30+ kgIm j2 , unknown), overall sitting (hId j1 ), and other types of physical activity. To evaluate dose-response relations and to determine whether associations were linear, restricted cubic splines were used. To fit the splines, 4-6 knots were distributed evenly across the range of the exposure (at 0.5-to 1-h intervals) and splines were trimmed at approximately 95th percentile of each exposure distribution. We also tested for interactions between sex and physical activity and sitting time on mortality by entering the cross-products of sex (0,1) and the continuous versions of each behavioral exposure.
Our next objective was to determine the substitution effect of replacing sedentary behavior with each type of physical activity using the approach described by Mekary et al. (19) . Therefore, we included exercise, nonexercise activity, and total reported time in a single Cox model, where total time is the sum of all activities and sitting time. In this model, the variable for sitting time is not included (i.e., it is ''dropped'') and resultant HR estimate associations for replacing 1 hId j1 of sitting with an equal amount of time in a given type of activity. Because of the nonlinearity of the association between physical activity and mortality (P G 0.01), we fit separate models for less active (G2 hId j1 of overall activity) and more active participants (Q2 hId j1 ) to obtain summary estimates for an average effect within each group. These categories were determined post hoc by evaluating overall physical activity and all-cause mortality using restricted cubic splines, where a plateau in risk reduction was noted at roughly 2 hId j1 of overall activity (see Figure Sensitivity analyses examined our primary results for reverse causality by excluding participants that accumulated less than 2 yr of follow-up. SAS 9.1 (SAS Institute Inc., Cary, NC) was used; statistical tests were two sided.
RESULTS
During 6.8 yr (SD, 1.0) of follow-up, 7218 deaths in men and 4983 deaths in women occurred. Sedentary behavior and physical activity were associated with age, education, obesity, smoking, comorbid health conditions, and general health status (Table 1) . Women reported more time in overall (2.70 vs 2.35 hId j1 ) and nonexercise activity than that reported by men but less time in exercise (Fig. 1A) . Nonexercise activity was mostly derived from household chores (43%) followed by lawn and garden (15%) and daily walking (14%) in men and women combined. Less active participants (G2 hId j1 of total activity, n = 69,606) reported 1.15 hId j1 (SD, 0.50) of activity and 4.5 METIhId j1 (SD, 2.2) of energy expenditure, whereas more active participants (n = 85,008) reported 3.64 hId j1 (SD, 1.50) of activity and 14.0 METIhId ) in less and more active participants, by sex, http://links.lww.com/MSS/A496). The proportion of total activity derived from exercise and nonexercise activity was similar in less and more active participants. Time spent sitting overall was similar for men (7.3 hId j1 (SD, 3.4)) and women (7.5 hId j1 (SD, 3.5)) (Fig. 1B) . Correlations between exercise and nonexercise physical activity were weakly positive in men (r = 0.10, P G 0.01) and women (0.18, P G 0.01). Correlations between overall sitting and both exercise and nonexercise activity were weakly negative (r = j0.03 to j0.10, all P G 0.01).
More sitting time was associated with a graded increase in risk for all-cause mortality ( Table 2) . Compared with men reporting G5 hId j1 of sitting, adjusted HR (95% CI) for allcause mortality in men reporting 5-6.9, 7-8.9, 9-11.9, and Q12 hId j1 of sitting were 1.05 (0.98-1.11), 1.10 (1.03-1.18), 1.19 (1.09-1.29), and 1.21 (1.11-1.31), respectively. For women, the HR (95% CI) for overall sitting were 1.10 FIGURE 1VDuration (hId j1 ) of overall physical activity (A) and sitting time (B) by type of behavior and sex, the NIH-AARP Diet and Health Study. Values are mean and SD and percentage of total activity reported.
(1.01-1.19), 1.09 (1.00-1.19), 1.25 (1.14-1.38), and 1.40 (1.27-1.54). There was no statistical interaction between sitting time and sex on mortality (P interaction = 0.59).
Associations for sitting were stronger for cardiovascular mortality and other causes, but results were null for cancer mortality.
Greater amounts of both exercise and nonexercise activity were independently associated with lower all-cause mortality after adjusting for covariates, sitting time, and the other type of activity (Fig. 2) .
Mortality was 20%-30% lower for men and women reporting 1-2 hId j1 of exercise ( Fig. 2A) . One to two hours per day of nonexercise activity was associated with 30% reduction in mortality in men and 50%-60% reduction in women (Fig. 2B) . The statistical interaction between physical activity and sex on mortality was nonsignificant for exercise FIGURE 2VAssociation* between all-cause mortality and exercise and nonexercise activity estimated by restricted cubic splines, by sex, the NIH-AARP Diet and Health Study. *Values are HR and 95% CI adjusted for important covariates (see text for details). Model 1 is adjusted for age (yr), education (G12 yr, high school graduate, some college, college graduate, unknown), smoking history (never, stopped 10+ yr, 5-9 yr, 1-4 yr ago, stopped G1 yr, current smoker, unknown), sleep duration (G4, 4, 5.9, 6, 7.9, 8, 9.9, 10+ hId j1 , unknown), overall health (excellent, very good, good, fair, poor, unknown), and body mass index (G25, 25, 29.9, 30+ kgIm j2 , unknown). Model 2 is additionally adjusted for overall physical activity (G1, 1-1.9, 2-2.9, 3-3.9, 4+ hId j1 ).
(P interaction = 0.90) but was significant for nonexercise activities (P interaction G 0.0001). Next, we fit isotemporal models to estimate the mortality benefits associated with replacing sitting time with an equal amount of different types of physical activity in less active (G2 hId j1 overall activity) and more active participants (Q2 hId j1 ). For less active participants, replacing 1 h of sitting with an equal amount of time in physical activity was associated with lower all-cause mortality for both exercise (HR, 0.58 (0.54-0.63)) and nonexercise activities (HR, 0.70 (0.66-0.74)) (Fig. 3) . Significant protective replacement associations were also noted for specific nonexercise activities (i.e., household chores, lawn and garden, daily walking) as well as both light and moderate-to vigorous-intensity activities. Stronger associations were observed for replacement of sitting time with higher-intensity activities (e.g., exercise HR, 0.58 (0.54-0.63), vs household chores HR, 0.80 (0.74-0.86)). In contrast, among more active participants, replacement of sitting time with purposeful exercise was associated with lower mortality (HR, 0.91 (0.88-0.94)) but replacement of sitting with nonexercise activity was not (HR, 1.00 (0.98-1.02)). Results for cardiovascular mortality were broadly consistent with those for all-cause mortality (see Figure In detailed analysis by sex, the replacement benefits for exercise and nonexercise activities were consistently observed in less active men and women. In more active men and women, lower mortality was only observed when exercise replaced sitting time (see Tables, Supplemental Digital Content 6,  Supplemental Table 1A . Partition and isotemporal substitution models for all-cause mortality in less active participants, http://links.lww.com/MSS/A499; Supplemental Table 1B . Partition and isotemporal substitution models for all-cause mortality in more active participants, http://links.lww.com/MSS/A499). However, there was some variation by sex in results for the individual nonexercise activities. The replacement associations for cardiovascular mortality were weaker and nonsignificant among less active men for household chores, daily walking, and light-intensity activity compared with those among women (see Table, Supplemental Digital Content 7, Supplemental Table 2A . Partition and isotemporal substitution models for cardiovascular mortality in less active participants, http://links.lww.com/MSS/A500). We also found an unexpected increase in risk associated with replacing sitting time with household and light-intensity activity in more active men (e.g., Supplemental Digital Content 7, Supplemental Table 2B . Partition and isotemporal substitution models for cardiovascular mortality in more active participants, http://links.lww.com/MSS/A500). In contrast, there was significant inverse association for replacing sitting time with lawn and garden activities in more active men but not among FIGURE 3VEstimated risk for all-cause mortality associated with replacement of 1 h of overall sitting with an equal amount of time in specific types and intensities of physical activity, in less and more active participants, the NIH-AARP Diet and Health Study. *Values are HR and 95% CI adjusted for important covariates (see text for details), each type of physical activity (hId j1 ), and the sum of overall sitting and physical activity time (hId j1 ).
women (Supplemental Digital Content 7, Supplemental Table 2B . Partition and isotemporal substitution models for cardiovascular mortality in more active participants, http://links.lww.com/MSS/A500). Sensitivity analyses excluding participants with less than 2 yr of follow-up did not materially alter our primary results (see Tables, Supplemental Digital Content 8, Supplemental Table 3 . Cause-specific mortality and sedentary behavior after excluding short follow-up, http://links.lww.com/MSS/A501; and Supplemental Digital Content 9, Supplemental Table 4 . Partition and isotemporal substitution models for mortality in less and more active participants, excluding those with G2 yr of follow-up, http://links.lww.com/MSS/A502).
DISCUSSION
In this prospective study of older adults free of major medical conditions, greater overall sitting time (Q12 vs G5 hId j1 ) was associated with a graded increase in risk of 20%-40% for death from all causes and 40%-55% greater risk for cardiovascular mortality. Among less active adults, replacement of 1 hId j1 of sitting with an equal amount of either exercise or nonexercise activity was associated with lower mortality. Inactive adults may get substantial mortality benefits from reducing couch time by 1 hId j1 in favor of engaging in purposeful exercise or a broad range of activities of everyday living, such as lawn and garden activities, daily walking apart from exercise, and household chores. In contrast, for adults who accumulate more overall physical activityVtwo-thirds of which was derived from nonexercise sources in this studyVour results indicate that replacing sitting time with more nonexercise activity does not confer additional protection. Purposeful exercise is needed to reduce risk for mortality further in more active adults. This investigation again highlights the mortality risks associated with prolonged sitting and for the first time identifies specific types of physical activity as healthful alternatives to sitting. Collectively, our study provides strong support for the public health recommendation to ''avoid inactivity'' in favor of more physical activity (26) . Future studies are needed to confirm our findings and to refine our understanding of the most healthful balance between spending time in sedentary and physically active pursuits.
Only approximately 30% of older adults (65+ yr) in the United States report engaging in enough aerobic activity to meet the 2008 physical activity guidelines (21), and many spend 9-10 hId j1 or more in sedentary behavior (15) . For these individuals, reducing sitting by 1 h is approximately a 10% reduction in total sitting time. Time use studies on older adults suggest that most sedentary behaviors are potentially modifiable leisure time pursuits (e.g., television, socializing, relaxing, reading, hobbies) (12) , and mortality has been noted to be elevated by 10%-50% for those reporting the most overall sitting (16, 31) and by 40%-60% among those watching the most television (6, 16, 33) . Therefore, intervention strategies that target reductions in time spent in leisure time sedentary behavior could improve health and longevity if these deleterious behaviors were replaced with physical activity. However, it has not been clear whether reducing sitting time is associated with lower mortality and, aside from purposeful exercise (26) , what other types of activity could be recommended as a healthful alternative to sitting. The isotemporal modeling approach can provide insight, and recent studies have reported replacement of television viewing with brisk walking to be associated with reduced risk of depression (18) and replacement of accelerometer-measured sedentary time with light-or moderate-to vigorous-intensity activity to be favorably associated with cardiometabolic biomarkers (2). Our findings complement and extend these reports by estimating for the first time the mortality benefits associated with replacing sitting time with specific types of physical activity.
Our findings for physical activity are consistent with research demonstrating the mortality benefits associated with exercise and/or leisure time activity (e.g., (9, 14, 20) ), nonexercise activities overall (17, 32) , and individual nonexercise pursuits, such walking (7), housework (1, 17) , and do-it-yourself activities (29) , but these studies did not consider the interplay between sedentary time and physical activity. A key finding in our study was that, in more active adults, replacement of sitting time with purposeful exercise conferred additional mortality protection, whereas replacing sitting with nonexercise activities did not. This result is consistent with the hypothesis that decreasing sitting time in more active and fit individuals will be associated with smaller reductions in risk (8, 27) and indicates that at some amount of overall physical activity, the risks associated with too much sitting can be eliminated. Cognizant that our results are specific to our study population and the physical activity questionnaire used, we urge caution when translating our definition of ''less'' and ''more active'' adults to other studies. The actual threshold remains unknown but identifying the amount, types, and patterns of physical activity required to minimize risk associated with prolonged sitting should be a research priority.
The limitations of our study should be considered carefully. We relied on self-reported information, and measurement error undoubtedly introduced misclassification and probably attenuated the strength of associations. The few studies that have used objective measures report stronger associations for these exposures (11, 13) . It should be noted that results from this study are applicable to older adults in good health entering their seventh decade, and our findings could differ for younger and less healthy older adults. Future research should evaluate the possible mortality benefits associated with replacing sedentary time for physical activity in adults with preexisting conditions, such as heart disease or a previous cancer diagnosis. More frequent bouts of activity that break up sedentary time have been associated with better metabolic health (5), and a recent study has suggested that reducing sitting time may enhance the beneficial metabolic effects of exercise (10) . The somewhat stronger associations we observed in women may be associated with both the greater amount of nonexercise they accumulated and the manner in which they accumulated the activity. Higher levels of nonexercise activity also may be linked to a greater frequency of activity participation (dIwk j1 ) and more frequent movement throughout the day. However, our assessment of physical activity did not assess activity frequency; it only assessed a small number of light-intensity activities, and we did not have a measure of cardiorespiratory fitness in the study. These factors limited our ability to investigate the effect of activity frequency (e.g., time per week, bouts per day), many lower-intensity nonexercise activities, or effects associated with the relative intensity of activity. Future prospective studies of mortality or incident disease end points that use better and more comprehensive measures of the overall amount, specific types, and patterns of behavior in older adults are needed to elucidate these etiologic questions (4) .
The isotemporal modeling approach we used also merits comment. First, the mortality associations reported herein only reflect substitution effects between sitting and activity derived from the statistical models rather than the association for actual changes in these behaviors. Second, because the number of hours in a day is finite, any model evaluating the relation among sleep, sitting, and activity is a de facto substitution model. Any time component not explicitly included in the model can add a substitution effect to the exposure of interest. We chose to treat sleep time as a confounding factor in our models and evaluated the isotemporal associations only for the universe of sitting and activity behaviors measured in this study. However, we have recently noted that the associations between time spent sleeping, sitting, and in moderateto-vigorous activity and mortality seem to be independent from one another (35) . Future research should consider incorporating sleep time into the mix when investigating the health effects of time use trade-offs (e.g., (2)). Third, risk estimates derived from the models are isotemporal but not isocaloric. The stronger associations we observed for replacing sitting time with higher-intensity activities may be due to the larger energy expenditure (per hour) for more intense activities rather than an intensity-specific effect per se. Fourth, implementation of these models required that we select an increment of time for which the substitution associations could be estimated. We chose an increment of 1 hId j1 as a pragmatic yet plausible choice for target reduction in daily sedentary time (equivalent to 10% reduction for someone who sits for 10 hId ). This amount of change in sedentary time is consistent with reductions observed in recent intervention trials (28) . Other isotemporal substitution studies have used a time increment of 30 minId j1 (2, 18, 19) . Our choice of time increment in no way affects the statistical significance of our results, but the strength of the associations will be affected. The strength of the mortality benefits we report for a reduction of 1 hId j1 in sitting time would be about half as strong if we used an increment of 30 minId j1 and about twice as strong if we used a time increment of 2 hId
j1
. Replacing 1 h of sitting with 1 h of exercise may not always be possible, but taken together, our results implicitly suggest that replacing 1 h of sitting with any of the activities we evaluated, individually or in combination, could provide mortality benefit for inactive adults. There is a great need to develop interventions that effectively reduce sitting time and increase physical activity (24, 28) , and future behavioral studies should seek to identify the optimal activity preferences for those interested in reducing sitting time.
Time spent in sedentary behavior has increased by 43% in the last 40 yr in this country (22) , and older adults routinely spend most of their day in sedentary pursuits, mostly in leisure time. These changes have undoubtedly had a profound effect on the amount of physical activity that adults accumulate each day. To date, public health strategies for physical activity have not explicitly targeted a reduction in sedentary behaviors in the effort to increase overall amounts of physical activity in the population, partly because it was unclear whether reducing sitting time would confer benefit andVapart from purposeful exerciseVwhat activities could be recommended as healthful alternatives to sitting. Our results add to the increasingly strong and consistent evidence demonstrating the deleterious influence of sedentary behavior on mortality and indicate that replacing sitting time by 1 hId j1 with either purposeful exercise or a broad range of activities of everyday living is associated with greater longevity, particularly among less active adults.
